Introduction
To sustain a continuous cycle of biosynthesis it is critical that substrates are available to allow cells to respond to changes in the surroundings. The main source of anabolic substrates is nutrient uptake from the environment. But if the supply of nutrients falls scarce, cells are able to respond to starvation by degrading cellular components by autophagy. 1 Autophagy is a collective term for ©2014 Landes Bioscience. Do not distribute.
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ResouRce ResouRce a range of processes by which cells can shuttle biomolecules, and even complete organelles, to lysosomes for degradation, generally, in vesicles termed autophagosomes. 2, 3 To ensure that the correct amount of cytoplasm is degraded, autophagy is a tightly regulated process that integrates information about not only nutrient availability, but also hormone receptor stimulation and cellular energy levels, among others. 4 Autophagy was originally considered a largely unspecific process, but this view is changing as examples of specific degradation emerge. One of the mechanisms providing specificity to the selection of cargo for autophagosomal degradation is the interaction of proteins with the autophagosomal membrane protein MAP1LC3-II (LC3-II henceforth). 5 In addition to its critical role as a basic cellular process involved in nutrient availability and recycling of macromolecular complexes, autophagy has been described as a general stress response, its deregulation having important clinical implications. [6] [7] [8] In mammalian systems especially ULK (unc-51 like autophagy activating kinase), 9 ,10 AMPK (AMP-activated protein kinase), 11 phosphatidylinositol 3-kinase (whose catalytic subunit is PIK3C3, an ortholog of yeast Vps34) and MTOR [mechanistic target of rapamycin (serine/threonine kinase)] 12 are critical in the coordinated regulation of autophagy. When nutrients are abundant MTOR promotes cell growth. But upon starvation its activity is decreased resulting in the release of inhibitory phosphorylations on e.g., ULK1/2 and ATG13 leading to induction of autophagy. 13 Given the important roles of protein kinases in autophagy induction it is evident that protein phosphorylation serves as a main mechanism for relaying early signals to initiate autophagy.
To study cellular processes underlying autophagy, methodologies utilizing mass spectrometry (MS)-based proteomics have proven very powerful, 14 e.g., for establishing the protein composition of autophagosomes, 15 addressing protein degradation dynamics, 16, 17 and studying protein-interaction networks. 18 In the past decade numerous technological advances have made quantitative phosphoproteomics the method of choice for studying protein phosphorylation in an unbiased manner. 19 Due to the versatility and robustness of phosphoproteomics strategies these have been applied to characterize the system-wide regulation of phosphorylation in many different settings and processes, thereby providing valuable information about crucial regulatory events. 20 Here we report the application of quantitative phosphoproteomics to characterize the early temporal dynamics of the phosphoproteome after withdrawal of amino acid supplements in the growth medium, or inhibiting the activity of MTOR by treatment with the pharmacological inhibitor rapamycin. Both of these treatments infer stress conditions on cells and are wellcharacterized inducers of autophagy. 21 The resulting catalog of phosphorylation dynamics provides a site-specific overview of the global impact of these treatments on the phosphoproteome. To complement this, we performed large-scale screens for identifying new LC3-interacting proteins, 41 of which we also identified as phosphorylated. In combination the data sets presented constitute comprehensive resources on the intricate phosphorylation dynamics accompanying induction of autophagy and, possibly, controlling autophagosomal targeting.
Results

Characterization of the phosphoproteome upon induction of autophagy
Before initiating large-scale phosphoproteomics screens to study autophagy induction we evaluated the efficiency and timing of starvation and rapamycin treatment by analyzing the phosphorylation of Thr389 on RPS6KB1, a well-established MTOR substrate site (Fig. 1A and B) . From the results it is evident that within 30 min a decrease in phosphorylation is observed after both treatments. The level of this phosphorylation is reduced to 60% and 40% already after 7 min of starvation and rapamycin treatment, respectively, and after 30 min the phosphorylation is reduced below 40% in both treatments. The pronounced MTOR inhibition after 7 min of treatment indicates the need for a timepoint prior to this to be able to identify the MTOR upstream events after starvation. Therefore we selected 2 min as the earliest time-point. We also noticed that the observed dynamics of RPS6KB1 phosphorylation were similar between the treatments, with only a short delay for starvation. To further evaluate the selected time-scale we performed western blots for the formation of LC3-II, a well-established marker of autophagosomes, and found that we could detect accumulation of LC3-II already after 30 min of rapamycin treatment (Fig. 1C) . No increase in LC3-II formation was observed after starvation for 30 min. We ascribe this difference in the dynamics to the different modes of MTOR inhibition, since starvation depends on upstream signaling events to induce MTOR inhibition causing delayed autophagosome formation. 22 To perform stable isotope labeling by amino acids in cell culture (SILAC) labeling it is necessary to culture cells in dialyzed serum and to ensure that this did not have a negative impact on the obtained results we assayed LC3-II formation in dialyzed serum and obtained comparable results as for cells cultured in normal serum (compare Fig. 1C and Fig. S1 ). To reduce background of serum induced phosphorylations we serum-starved the cells for both, starvation and rapamycin, experiments before inducing autophagy, after ensuring that this did not interfere with the studied signaling pathways (Fig. S2) . Having established optimal stimulation conditions and timing for the experiments, we continued to apply global quantitative phosphoproteomics to characterize the temporal dynamics of the phosphoproteome upon induction of autophagy.
To perform the quantitative phosphoproteomics experiments parallel MCF7 cell cultures were labeled by SILAC 23, 24 and transferred to Hank's balanced salt solution or serum-free medium containing rapamycin for 0, 2, 7, 15, or 30 min. Differentially labeled cells were then mixed in equal amounts, lysed, protein extracts were enzymatically digested followed by peptide fractionation by strong cation exchange (SCX)-and phosphopeptide enrichment by TiO 2 -chromatography, and the resulting samples were analyzed by LC-MS/MS 25 and processed with MaxQuant software (Fig. 1D) . 26 The acquired data was stringently filtered for false discovery rates below 1% on the protein, peptide, and phosphorylation site level. Adding further credibility to the data is the very good precursor mass accuracy from high-accuracy MS analysis with a median absolute mass error of only 0.2 ppm (Fig. 1E) . Combining the data from 2 biological replicates of the 2 treatments, each, we in total identified 6,801 phosphorylation sites on 2,155 proteins (Table S1 ) demonstrating good reproducibility (median relative standard deviation of site quantifications between replicates of 11.6%; Fig. S3 ). To evaluate the likelihood of the phosphorylation site localization inside the peptide sequence being correctly assigned, localization probabilities for all sites were calculated by MaxQuant. The median localization probability for all phosphorylation sites is 0.991 and of all identified phosphorylation sites 5,106 could be assigned to a specific residue with a probability above 0.75 (hereafter referred to as 'class 1 sites'). Thus, the site localization is highly certain for the majority of the reported sites. 27 Despite the bias of shotgun proteomics for high abundant proteins 28 the identified phosphoproteins covered a wide range of functional groups, including proteins usually present at low copy-numbers. 29, 30 As examples we found 213 class 1 phosphorylation sites on 86 protein kinases, 649 sites on 225 transcriptional regulators and 70 sites on 23 ubiquitin ligases (see Table S2 and Fig. S4 ).
The majority of phosphorylation sites were identified after both treatments with an overlap of 91% of the phosphoproteins and 88% of the individual phosphorylation sites (Fig. 1F) . The amino acid distribution of the phosphorylation sites correlated well with previous reports (Fig. 1G ) 25, 27 and in accordance with the preference of SCX chromatography and TiO 2 the majority of peptides contained only one phosphorylation (64%). 31, 32 But a considerable proportion of double and multiphosphorylated peptides was also identified (Fig. 1H) .
Temporal phosphorylation dynamics of starvation-and rapamycin-induced autophagy
In total we recorded 38,154 individual phosphorylation site quantification ratios, the majority of which did not show considerable dynamics. Thus, the distribution of ratios clustered closely around 1:1 ( Fig. 2A) . Due to the presence of miss-cleavages, nonperfect fractionation prior to LC-MS/MS and the presence of phosphopeptides in variants with additional modifications, phosphosite quantification values are on average based on 12 independent ratio measurements. However, due to unavoidable measurement inaccuracies it is beneficial to assign a threshold for the minimum observed ratio required to regard a phosphosite as regulated. We and others have previously demonstrated that a 2-fold change is an appropriate value for a conservative cut-off and to consolidate this we calculated the MaxQuant significance values and found that a 2-fold change corresponds to an outlier with a P value of 0.009. 25, 27, 33 Furthermore, the 2-fold change cut-off is approximately equal to twice the average site ©2014 Landes Bioscience. Do not distribute.
www.landesbioscience.com Autophagyvariability of the individual site quantifications. Hence, we consider this a sufficiently robust threshold and based on this 1,493 ratios from 930 sites on 590 proteins showed significant dynamics with 351 ratios increasing and 1,142 decreasing (Fig. 2B) . Within the 930 regulated sites 435 where specifically rapamycin sensitive, 406 specifically starvation sensitive and 89 sites on 74 proteins responded to both treatments and thus constitute a shortlist of potentially autophagy regulating phosphorylation events (Fig. 2C, Table S3 ). Despite the similar number of regulated sites after the treatments only 97 sites with increasing ratios were observed after rapamycin treatment (Fig. 2D ) and 165 after starvation (Fig. 2E) . The highest number of sites with dynamic phosphorylations was identified after 15 min for both treatments, but very early phosphorylation changes were also observed, since in total 230 sites showed above 2-fold dynamics already after 2 min treatment (Fig. 2F) , demonstrating a rapid onset of potentially autophagy relevant signaling events.
To address the similarity between the observed phosphorylation dynamics at a global scale we performed a principal component analysis on the quantification ratios for each site and plotted the result in the dimensions of the first 3 components, which together explained 75% of the variability in the data (Fig. 2G) .
The primary observation from this analysis is that the variability between the effects of the treatments is larger than the variability between the time-points, which can be seen by the clear clustering of data points from the 2 treatments in the dimension of component 1. Furthermore, the late samples (15 and 30 min) in each treatment cluster closely together in the dimensions of component 1 and 2, whereas the earlier samples (2 and 7 min) are more distinct, illustrating bigger shifts after both treatments between 2, 7, and 15 min, probably due to a transition from early and intermediate signaling to more delayed events.
Serving as a consolidating observation we find threonine 70 of EIF4EBP1, a well-established MTOR substrate, within the group of shared sites with decreasing phosphorylation. In addition to this site we further identify 5 sites on EIF4EBP1 and 2 on EIF4EBP2. Of these, one site on each protein only responds to rapamaycin treatment indicating its direct influence on MTOR. Interestingly, Thr55 of the proteasomal subunit PSMA5 is one of the few sites, which displayed increased phosphorylation levels after both treatments indicating a crosstalk between both degradation pathways. As the site is solvent exposed in the assembled 26S proteasome (pdb code 4B4T), it might have regulatory function. A decrease in proteasome abundance and activity by functional autophagy has been shown recently. 15 Within the treatment-specific events we find e.g., downstream MTOR targets such as Thr9 on GSK3B, which decreases only after rapamycin treatment. As an example of a site responding only to starvation we find serine 2300 on HIVEP2, which exhibits a decrease in phosphorylation after 7 min starvation. Interestingly, HIVEP2 was recently shown to play a role in autophagy signaling in a large-scale siRNA screen.
34
Pathway analysis and inference of interactions between MTOR signaling pathway members
To investigate how different signaling pathways were covered by our data we mapped all identified phosphorylation sites to the curated Ingenuity protein pathways and identified from this analysis 20 signaling pathways as enriched (Fig. 3A) . As a corroborating finding the MTOR signaling pathway was found among the enriched pathways with 97 phosphorylations on 39 proteins identified, corresponding to approximately 50% of the proteins in the pathway (Fig. 3B) . Among the identified MTOR pathway proteins are 4 known MTOR complex proteins, including 2 sites on RPTOR and 5 sites on RICTOR. In addition, we also identified phosphorylation on many known downstream autophagy regulators such as ULK1, AMPK and MAPK1/3 (ERK1/2). In Figure 3C the ratios for the MTOR pathway sites for which we obtained quantifications in all time-points are visualized and it is clear that the majority of the ratios are decreasing. Furthermore, it is also clear that the impact on the pathway is faster by rapamycin treatment compared with starvation as we observe more ratios showing dynamics after the rapamycin treatment.
To complement this pathway analysis we set out to investigate if quantitative phosphoproteomics data could be used to extract putative protein-protein interactions. For this we applied the time-lagged correlation 35 strategy outlined in Figure S5 that uses a correlation coefficient to infer protein-protein interactions by determining the relationship between the temporal dynamics of 2 phosphosites. We applied this to all phosphosites on proteins in the MTOR signaling pathway and by combining the quantitative information after both treatments obtained a regulatory network for potential interactions between MTOR signaling proteins containing 15 protein-protein interactions, based on data from 39 sites (Table S4 ). In Figure S6 the complete inferred network is presented. Several well-described interactions are reconstructed. Furthermore, the inferred network also suggests new interactions between e.g., MTORC1 and proteins involved in translation via AKT1S1 36 indicating that this strategy might serve as an approach to extract new hypotheses about putative interactions.
Cluster analysis of phosphorylation site dynamics demonstrates widespread impact on biological processes
Given the size of contemporary phosphoproteomics data sets, the identified phosphorylation sites have a multitude of different temporal dynamic profiles making it challenging to summarize the complete data set. However, despite the large complexity present in the data this can often be reduced by grouping sites with similar patterns of regulation. To obtain an overview of the temporal dynamics we log2 transformed and standardized (z-scored) all the sites to enable clustering based on the overall pattern of the dynamics and not the absolute magnitude of the regulation. Subsequently, we submitted all sites that showed regulation in at least one time point to clustering by the fuzzy c-means algorithm 37 and found that the data could be partitioned into 8 clusters with roughly equal numbers of sites describing the most pronounced patterns of regulation within the data (Fig. 4A) . From the cluster analysis it is evident that significant changes of phosphorylations are observed throughout the experimental time window and that very different modes of dynamics are seen. As an example the sites in clusters 2 and 4 show a gradual decrease and increase, respectively, which is in stark contrast to the sites in cluster 8 which increase rapidly after 2 min but return to the control level already after 7 min. In cluster 5 sites are found which respond only after 30 min treatment, indicating that the dynamics of these sites depend on upstream events to take place. In accordance, 2 times as many starvation responding sites are found in this cluster compared with rapamycin treatment.
To explore whether phosphorylation of proteins with similar biological implications were observed in the different clusters we tested for enrichment of GO terms of source proteins within the sites in each of the clusters vs. the nonchanging, static sites (Fig. 4B) . From this analysis we were able to extract panels of terms describing the global impact of phosphorylation dynamics on diverse biological processes. From Figure 4B it is apparent that the enriched GO terms are highly diverse ranging from e.g., DNA damage repair to glucose transport in the case of starvation, highlighting that both treatments have cellular consequences apart from the induction of autophagy. Another observation is that the majority of the GO terms are only found enriched after one of the treatments, illustrating that, although the 2 treatments both result in inactivation of MTOR, pronounced differences are observed between the impacts of these on the phosphoproteome. One of the terms that was enriched after both treatments, although in different clusters, is regulation of transcription, DNAdependent, which attracted our attention since the understanding of connections between autophagy induction and transcriptional regulation is still sparse. Among the regulated sites on proteins involved in transcriptional regulation were sites on the histone acetyltransferase KAT5, which is intriguing, because KAT5 has been shown to acetylate one of the master regulators of autophagy, the kinase ULK. The activity of KAT5 itself is regulated by phosphorylation of Ser86 by GSK3 and as a consequence KAT5 S86A mutant cells are resistant to serum starvation-induced autophagy. 38 We identified the peptide covering the amino acid residues 81 to 96, thus containing both Ser86 and Ser90, the latter being a potential priming site for Ser86. 38 Interestingly, we observed a marked dephosphorylation of the peptide containing only phosphorylation of Ser90 (Fig. 4C) , whereas the peptide containing phosphorylation on both serine residues showed no significant change. The GO term analysis also identified the term negative regulation of TOR signaling cascade after rapamycin treatment, which is due to identification of dynamics of 4 sites on AKT1S1 ( Fig. 4D and E) , a member of the MTOR complex 1. We identified different dynamics for 2 sites on this protein, a decrease in phosphorylation of Ser88 after both starvation and rapamycin treatment, while the phosphorylation of Ser183 decreased only upon rapamycin treatment. To validate the regulation of Ser183 in AKT1S1 we performed western blot for this site and found again a pronounced dephosphorylation after rapamycin treatment (Fig. 4F) . From the western blot results we also observed a delayed decrease in phosphorylation after starvation, which was not observed to the same extent by MS. This could be due to additional starvation-specific posttranslational modifications on the specific peptide interfering with either MSor western blotting analysis.
Phosphorylation dynamics of protein kinases
The specificity of serine and threonine kinases is largely controlled by the amino acid residues found proximal to substrate sites. 39 Thus, the presence or absence of specific amino acids serves to induce or prevent phosphorylation by different kinases. To identify potential phosphorylation motifs specific for particular kinases we looked for enrichment of amino acid residues proximal to all identified class 1 sites and found 15 distinct motifs (Fig. 5A) . The identified phosphorylation motifs fell into 3 groups as they all contained a proline, a charged residue, or an additional serine. Some of the motifs are well known and have been shown to be the substrate of e.g., the MAPK family in the case of the PxSP members, or CSNK2 (casein kinase 2), which has a preference for acidic motifs. Several of the identified motifs have, however, not been connected with a specific kinase, to our knowledge. To obtain the identity of the kinases likely to target the extracted motifs we retrieved kinase predictions for the identified phosphorylation sites. From Figure 5A it is seen that the identified motifs were predicted to be substrates for a range of different kinases, particularly CDK2/3 and CSNK2. The prevalent identification of substrates for these kinases are, however, likely to be partly due to the loose requirements of the respective substrate motifs.
To evaluate if the activity of the kinases predicted to target the identified motifs appeared to be regulated we tested if the average of the regulated sites matching each motif were either above or below the control level. From the overview in Figure 5A it is observed that rapamycin induced the regulation of more motifs than starvation and for both treatments the regulation was predominantly observed at later time-points. To assess the value of this strategy we tested if this approach could pick up known kinase-substrate relationships identified from low throughput approaches and, indeed, found that we were able to reconstitute e.g., Ser13 on CDC37 as a CDK2 substrate and Ser239 on ATRIP as a CDK2 substrate, both showing significant dephosphorylations. 42, 43 To complement the bioinformatics strategy for outlining kinase activity regulation we screened our data for experimental identifications of phosphorylation sites on kinases. Of the more than 80 kinases on which we identified phosphorylations, 23 showed phosphorylation dynamics within our time frame. Based on the hypothesis that homologous kinases might show co-regulation we ordered all identified kinases based on the similarity of their kinase domains and indicated if we observed regulated phosphorylation of these kinases after the 2 treatments (Fig. 5B) . From this analysis it can be observed that, except for 2 cases, we did not see dynamic phosphorylation of tyrosine kinases or tyrosine-like kinase. From the kinases with dynamic phosphorylation it appears that the regulation after the treatments is not directed predominantly toward a specific family, since regulation is observed across the identified kinase families. One exception to this was, however, observed for the cyclin dependent-kinases as CDK9, CDK12 and CDK13 show dynamic phosphorylation after both treatments and CDK11B after rapamycin. Interestingly, the 2 analysis strategies could be connected since we found Ser249 on CDK12 to show an increase after 2 min starvation and this site also matched the identified RxxS motif. In addition, we observed also dynamic phosphorylation after both treatments for SCYL1, PKN2, MARK2, ERBB2, and MAP3K2 highlighting these as potentially autophagy relevant kinases.
Identification of LC3-interacting phosphoproteins
One of the predominant roles of protein phosphorylation in cellular systems is to alter the interactions in which proteins engage, thus regulating e.g., the recruitment of a protein to a protein complex. In the process of autophagy a key event is the targeting of proteins to autophagosomes. One way of attracting proteins to autophagosomes is the interaction with LC3-II located in autophagosomal membranes 5 and it was recently shown that phosphorylation can be an important regulator of LC3 mediated protein-protein interactions. 44, 45 Based on this we hypothesized that the relevance of some of the observed phosphorylation events might be to affect the recruitment of proteins to autophagosomes. To evaluate this we performed pull-down experiments to identify proteins that showed an increased interaction with LC3 upon block of autophagosomal degradation by inhibiting lysosomal acidification using concanamycin A (conA). From 2 biological replicates we identified 154 proteins ( Table S5 ) that showed a significantly increased interaction with LC3 upon treatment (P value < 0.05; Fig. 6A; Fig.  S7A and S7B ). Serving as a proof of principle for this strategy we identified 3 known LC3-interacting proteins ATG3, ATG7, and SQSTM1, all showing a strong increase upon autophagosomal accumulation (Fig. 6B) . To obtain an overview about the potential biological function of LC3-interacting proteins we performed GO term enrichment analysis, which demonstrated a wide range of protein categories as LC3 interactors, many being involved in transport and trafficking (Fig. 6C) . Recently, a particular sequence motif was identified as mediator of LC3 interaction and thus termed LC3-interacting region (LIR). 5 We screened our list of LC3-interacting proteins and found in total 716 potential LIR motifs, with 124 proteins containing LIR motifs and 113 of these containing more than one potential LIR motif ( Fig. S7C and S7D) . However, given the loose description of the motif it is likely that not all of the motifs are of functional relevance. In agreement with this, we did not find any correlation between number of LIR motifs in the sequence and extent of LC3 interaction.
Next we screened the 2 data sets covering the MCF7 phosphoproteome and the LC3 interactome against each other and found 41 of the 154 identified LC3-interacting proteins also in our list of phosphoproteins (Fig. 6D) . This group covered a broad category of proteins with functions such as translation, intracellular transport, and regulation of transcription ( Fig. 6E;   Figure 5 (See previous page). Kinome and kinase-motif analysis. (A) Linear kinase motifs present in the data were extracted using Motif-X 40 (left panel) and predictions for kinase groups phosphorylating the sites matching the motifs were obtained from the NetworKIN algorithm (middle panel). 41 see Table S6 for individual kinase(s) most likely responsible for phosphorylation of respective motifs. The means of the regulated sites matching each motif were tested for difference from zero. If significant (P value < 0.05) the mean value is indicated in the right panel, with red indicating increasing and blue indicating decreasing phosphorylation levels. (B) All identified kinases were aligned and presented according to the homology of the kinase domains. Protein kinases belonging to the same family are colored in the same background color. The rims indicate if static, nonchanging sites (gray), or dynamic sites (blue) are identified on the respective kinase by starvation (inner rim), or rapamycin treatment (outer rim).
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www.landesbioscience.com Autophagy 47 major histocampatibility complex class I proteins, 48 and members of the ubiquitin-proteasome system. 15 Inspecting this group of proteins further we found regulated phosphorylation on 11 of these proteins within our 30 min time-frame (Fig. 6D) , among these the kinase CAMK2 (calcium/calmodulin-dependent protein kinase II D). This was an interesting finding because other members of the CAMK family (CAMK4 and CAMK1) are involved in autophagy signaling. 49, 50 To validate this approach as a strategy for identifying autophagosomal targeting of proteins we decided to perform GFP-LC3 immunoprecipitations and blotted the respective eluates against CAMK2 (Fig. 6F) . Autophagy induction was performed for 30 min and conA was added to block autophagosomal degradation. An increase in interaction upon autophagy induction can be observed for all treatments, indicating that the interaction might be regulated by phosphorylation. As a control GFP immunoprecipitations were performed, which did not yield the respective signals (Fig. 6G) .
Discussion
Due to numerous investigations the pivotal role of autophagy as a critical cellular process and stress response is becoming evident. It has been shown to have implications not only in energy and nutrient homeostasis, but also in human health and disease. Potential roles in clinical applications are emerging as an involvement of autophagy in i.e., immunity 6, 7 and cancer 8 could be shown. Before autophagy can be exploited in a clinical setting there is a need to understand the highly complicated regulatory mechanisms underlying induction and progression of autophagy. To expand our knowledge of the initial signaling events in autophagy induction we have characterized phosphorylation dynamics within the first 30 min upon starvation and rapamycin treatment.
Autophagy can be induced by a wide range of different cellular stimuli, including amino acid 51 or glucose starvation, 52 MTOR inhibition by rapamycin, 12 growth factor deprivation, 53 SIRT1 (sirtuin 1) activation, 54 spermidine-treatment, 55 mitochondrial damage, 56 elevated ammonia concentrations, 57 oxidative stress, 58 and hypoxia. 59 We selected starvation and MTOR inhibition by rapamycin as the treatments for induction of autophagy, because these are among the best described, thus providing a framework for the analysis of the acquired data. Applying 2 different treatments allows discrimination between treatment specific regulatory events, not necessarily related to autophagy, and shared events observed after both treatments likely to be related to autophagy. Furthermore, since one of the consequences of starvation is inhibition of MTOR, the use of these treatments allows an identification of signaling events upstream of MTOR and also events independent of MTOR. The initiation of autophagy occurs rapidly. 60, 61 Thus, we hypothesized that phosphorylation would be important in the earliest steps after induction and focused on the events happening within the first half-hour of treatment. Nevertheless, it is clear that phosphorylation continues to play a role throughout the process of autophagy exemplified by a recent study by Bennetzen et al. 62 that applied a similar experimental setup to characterize the phosphorylation response after 2 h treatment, 62 focusing on events taking place after the first wave of phosphorylation signaling. In this study autophagy was induced by treating cells with the compounds resveratrol or spermidine. A direct comparison with this study is challenging as both, resveratrol and spermidine, target the acetylation machinery, and thus function most likely by different signaling routes than starvation and rapamycin. 55 Nevertheless, it is interesting to note that in agreement with this study we also identified regulation of the most apparent kinase motifs identified by Bennetzen et al., 62 namely RxxS and SP motifs. Recently, the MTOR-responsive phosphoproteome has been the focus of at least 3 studies focusing on the role of MTOR in cancer and growth factor signaling. 33, 63, 64 Furthermore, in this issue of Autophagy, Harder et al. present data from a phosphoproteomics analysis of the induction of autophagy by rapamycin and ammonia. To evaluate the robustness of the data presented here we have examined the similarity between the data published by us and by Harder et al. In this comparison we found it relevant to also include data published by Hsu et al. 64 and Yu et al., 33 which also combined the use of rapamycin and phosphoproteomics to study MTOR-dependent signaling. 33, 64 Figure S8A summarizes the cellular treatment regime used in the four studies and it can be noticed that there are considerable experimental differences between the data presented here and the data from Hsu et al. 64 and Yu et al. 33 In particular the length of the treatment is different as rapamycin is applied for 1 h 20 min or 2 h before cell harvest in these studies. Furthermore, Hsu et al. 64 stimulate cells with insulin 20 min before harvest, thus inducing MTOR-independent events and also increasing MTOR activity in nonrapamycin treated controls resulting in larger phosphosite ratios. Also the differences in cellular systems complicate a direct comparison since Hsu et al. 64 used HEK293 cells and Yu et el. 33 performed their studies in mouse embryonic fibroblast with nonfunctional TSC2, resulting in hyperactive MTOR signaling. Despite these differences all studies identify a substantially overlapping part of the phosphoproteome (Fig. S8B) and more importantly 98 shared proteins with dynamic phosphorylation are identified in the 4 studies (Fig. S8C) . Despite the large overlap of the pairwise comparisons only 3 proteins were identified as rapamycin sensitive in all 4 studies, RPS6KB1, FOXK1 and AKT1S1. As noted from Figure S8A our data and the data from Harder et al. have a direct intersect at 15 min rapamycin treatment and, furthermore, both studies used the same cell line, MCF7 cells. Therefore, a direct site-by-site comparison is feasible. The observed ratios in both data sets are very similar (Fig. S8D) and the most robust rapamycin sensitive sites correlate well exhibiting in some cases nearly identical ratios (Fig. S8E) . Comparing our data with the results of a genome-wide siRNA screen for genes regulating autophagy by Lipinski et al. 34 we identified phosphorylation on 33 of the proposed autophagy regulators, including dynamic phosphorylation of e.g., HIVEP2, PDCD5, TPR, heterogeneous ribonucleoprotein particles and STIM1/GOK after starvation and TACC2 after rapamycin treatment.
To complement the value of the data as resource we have applied bioinformatics strategies to extract information about ©2014 Landes Bioscience. Do not distribute.
www.landesbioscience.com Autophagythe global regulation of the phosphoproteome. From a general analysis of the dynamic sites it is clear that, despite the fact that both treatments inhibit MTOR, there are 841 phosphorylation events that are specific to a single treatment, as only 10% of the dynamic sites are affected by both treatments. Furthermore, the majority of dynamic sites showed a decrease correlating well with the inhibition of MTOR signaling and downstream kinases by the 2 treatments. Another important result is the observation that 230 dynamic events take place as early as after 2 min of treatments. From a PCA analysis it was evident that there is a shift in signaling between 7 and 15 min, and, thus, sampling only later events observed at an hour timescale will likely cause early signaling events to be overlooked. On the contrary, by focusing on the earliest events in autophagy we are likely to miss later phosphorylated events important for autophagy. In addition, mass spectrometry has a bias toward high abundant phosphosites/ proteins, which might be one reason why we do not observe any dynamics for sites on the pivotal autophagy regulator ULK1, or why ATG13 is not detected at all. In return however, quantitative phosphoproteomics allows a nonhypothesis-driven approach, which has allowed us to identify potential autophagy relevant phosphorylation events that would not be identified by more targeted strategies.
Combining unsupervised clustering and GO term enrichment analysis allowed us to extract the terms that best describe the sites affected by the treatments, such as the term regulation of transcription, DNA-dependent, which was found significantly enriched in part due to the dynamics of KAT5. The regulation of serine 90 of KAT5, which exhibited a marked decrease in phosphorylation after both treatments, is intriguing as it may be a critical point of crosstalk between the phosphorylation and acetylation machinery. The exact consequence of the phosphorylation pattern of KAT5 is difficult to predict, but it seems likely that phosphorylation of this particular region of KAT5 is a general feature in autophagy induction since this is observed after distinct treatments. 38 From an analysis of phosphorylation of protein kinases we identified regulated phosphorylation sites on 23 kinases including the cyclin-dependent kinases (CDK) 9, 12, and 13 that responded to both treatments, indicating that this class of kinases may play an important role in the early events of autophagy. Recent studies support a proposed role of cyclin-dependent kinases in autophagy. Wilkinson et al. show that CDK11 is required for functional autophagy, 65 Capparelli et al. outline that CDK inhibition induces autophagy, 66 and Furuya et al. highlight that CDK1 and CDK5 phosphorylate PIK3C3/VPS34, negatively regulating its interaction with BECN1/Beclin 1 in mitosis. 67 Starvation leads to a cell cycle arrest and rapamycin treatment to a marked increase in doubling time (own unpublished data) and therefore it is not farfetched to envisage an active crosstalk between autophagy and cell cycle regulation. Another kinase responsive to both treatments was SCYL1, which has been shown to be inhibitory for autophagic flux functioning upstream of MTOR. 68 The finding that phosphorylation on this kinase is responsive to MTOR inhibition by rapamycin as well as by starvation indicates that the regulation of the kinase circuitry of these 2 proteins might be complex, since SCYL1 activity might be dependent on MTOR itself.
Unarguably, one of the biggest challenges in contemporary phophoproteomics is the immediate lack of high-throughput assays to assess the consequences of phosphorylation. As a result the function of the vast majority of phosphorylation sites identified by large scale screens is unknown. To address whether a subset of the phosphorylations we identified might have a role in the targeting of proteins for autophagosomal degradation, we performed a proteomics based screen of LC3-interacting proteins. Recently, Behrends et al. applied a partially similar experimental setup 18 and identified 67 LC3-interacting proteins under basal conditions, of which 5 were also identified in our screen (SQSTM1, NIPSNAP1, HADHA, ATG3, ATG7). By cross-referencing our interactome and phosphorylation data we could extract a group of proteins where the function of the sites might regulate LC3 interaction. Clearly, this does not provide a final proof, but combining these 2 experiments allows us to propose a potential role for a subset of the identified phosphorylation sites. E.g. we identified 4 phosphosites on SQSTM1, among them Ser332 in close vicinity of the LIR motif. These sites were not regulated in the observed timeframe. However, this does not exclude that they are regulated at later time points, possibly influencing SQSTM1-LC3 interaction. As we do not detect phosphorylation of Ser403, a site that was previously shown to be important for the function of SQSTM1, we cannot rule out that the observed behavior is due to sites not identified in this study. 69 Of the 11 LC3 interactors exhibiting dynamic phosphorylations, the kinase calcium/calmodulin-dependent protein kinase type II subunit delta might be of special interest, as kinases of this class have already been linked to autophagy. 49, 70 This might indicate that the autophagosome functions as a scaffold orchestrating signal transduction by bringing together relevant kinases.
Taken together, by combining time-resolved phosphoproteomics and LC3 interaction data, potential autophagosomal target mechanisms are highlighted. Signaling events in autophagy induction have been linked to cell cycle regulation, among others, and the impact on the kinome is described. Thus, this study serves to illustrate the value of integrating data from highthroughput studies complementing and supporting each other. Clearly, as information continues to accumulate, this is bound to point out new directions in autophagy research by generating new hypotheses for future functional studies.
Materials and Methods
Cell culture and sample preparation For SILAC labeling MCF7 cells were cultured in Dulbecco's modified Eagle's medium (GE Healthcare, E15-085) supplemented with penicillin/streptomycin (100 units/ml, 100 µg/ml), glutamine, and 10% dialyzed fetal calf serum (Gibco, Invitrogen, 26400). To differentially label parallel cultures these were grown in media containing l-arginine (Arg0, Sigma-Adrich, 11039) and l-lysine (Lys0, Sigma-Adrich, 62929), l-lysine-2 H 4 (Lys4, Silantes, 211104113), and l-arginine-U-13 C 6 (Arg6, Silantes, 201204102), or l-lysine-U-13 C 6 -15 N 2 (Lys8, Silantes, 211604102) and l-arginine-U-13 C 6 -15 N 4 (Arg10, Silantes, 201604102) to generate "light-," "medium-," and "heavy-" labeled cells, respectively. Fully labeled cells were grown to 80 to 90% confluence, serum-starved overnight and either washed 3 times in PBS and transferred to Hank's buffered salt solution containing glucose (1 g/l) or treated with rapamycin (Sigma-Aldrich, R0395) at a final concentration of 100 nM. Light-labeled cells were subjected to the treatments for either 0 or 2 min, medium-labeled cells were treated for 7 min in all experiments to serve as a common time point and heavy-labeled cells were treated for 15 or 30 min.
Subsequent to the induction of autophagy cells were mixed in 1:1:1 ratio and lysed in 0.1% deoxycholate (Fluka, 30970; Replicate 1) or modified RIPA buffer (1% NP-40, 0.1% deoxycholate, 150 mM NaCl, 1mM EDTA, 50 mM Tris, pH 7.5) followed by acetone precipitation and reconstitution in 8 M urea (Replicate 2) and proteins were reduced by addition of dithiothreitol to a final concentration of 1 mM followed by alkylation of cysteines by addition of iodoacetamide (Sigma-Aldrich, I1149) at a final concentration of 5.5 mM. Proteins were digested with trypsin (Sequencing-grade, Promega, V5113 at an enzyme to protein ratio 1:50 overnight, trifluoroacetic acid (TFA; Promochem, SO-9668-B001 catalog number) was added to a concentration of 0.1% and the sample was cleared by centrifugation. Thus, 2 biological replicates were performed for each treatment resulting in a total of 4 quantitative phosphoproteomics experiments.
Fractionation and phosphopeptide enrichment SCX chromatographic separations were performed on an Akta System using a 1-mL column (Resourse S, GE Healthcare, 17-1178-01). Tryptic digests of MCF7 cells were acidified by formic acid to a pH under 3, diluted by acetonitrile (ACN; Promochem, SO-9340-B025) to 30%, and loaded to an equilibrated column with 30% ACN containing 5 mM KH 2 PO 4 , pH 2.7 (Solvent A). After 10 min in 100% A, peptides were eluted with 30% ACN containing 5 mM KH 2 PO 4 and 300 mM KCl, pH 2.7 (Solvent B) using a gradient from 0% to 30% in 30 min followed by 30% to 100% B in 5 min and then maintained at 100% B for 10 min at a flow rate of 1 mL/min.
For TiO2 based enrichment 1 to 10 microliters of a 50% slurry of TiO2 (GL Sciences, 5020-75010) in 30 mg/mL dihydroxybenzoic acid (Sigma-Aldrich, 149357) were added to each fraction and flow-through (first replicate) or whole cell lysate (second replicate) and incubated for 30 min at room temperature. Beads were washed with 100 µL of 10% ACN and 1% TFA followed by 100 µL of 80% ACN and 1% TFA and finally 100 µL of water. Phosphopeptides were eluted using 25% ammonium hydroxide in 20% and 40% ACN, respectively. Eluted phosphopeptides were dried to less than 5 µL and resuspended in 15 µL of 0.5% acetic acid for analysis. Five microliters of each fraction were used for MS analysis. For consecutive incubations, the peptide beads slurry was centrifuged and the supernatant was incubated with another aliquot of freshly prepared TiO2 beads.
eGFP-LC3 immunoprecipitation, western blots, and antibodies
For autophagosome accumulation cells were treated with 2 nM conA (Sigma-Aldrich, 27689) for 7 h. Anti-GFP (Santa Cruz Biotechnology, sc-9996) immunoprecipitations of SILAC-labeled MCF7 cells expressing rat eGFP-MAP1LC3 71 were performed in modified RIPA buffer containing 1% NP-40, 150 mM NaCl, 0.25% Na deoxycholate, 50 mM Tris pH 7.5 and Complete Protease Inhibitor tablets (Roche, 11836145001). Cells were lysed for 10 min on ice followed by centrifugation (17,000 × g/15 min) to remove nuclei. The supernatant fraction was precleared with 20 µl protein G sepharose beads slurry (Sigma-Aldrich, P3296) for 30 min followed by an incubation with 80 µl bead-conjugated anti-GFP-antibody for 5 h at 4 °C. Beads were washed 3 times and proteins were eluted by incubation with 1× SDS loading buffer with 1 mM DTT for 10 min at 95 °C.
All western blots were performed minimally 2 times. Additional antibodies used for western blots were: anti-panCaMKII (Cell Signaling, 4436), anti-actin (Sigma-Aldrich, A3853); RPS6KB1 (Cell Signaling, 9202, 9206 anti-P-Thr389), anti-AKT1S1 (Cell Signaling, 2691, 936 anti-p-Ser183) LC-MS/MS and data processing Samples for LC-MS/MS were fractionated by nanoscale-HPLC on either an Agilent 1200 or an Eksigent NanoLC-ultra connected online to a LTQ-Orbitrap XL (Thermo Scientific). Peptides were separated over a linear gradient from 10% to 30% ACN in 0.5% acetic acid with a flow rate of 250 nl/min. All full-scan acquisition was done in the FT-MS part of the mass spectrometers in the range from m/z 350 to 2000 with an automatic gain control target value of 10 6 and at resolution 60,000 at m/z 400. MS acquisition was done in data-dependent mode to sequentially perform MS/MS on the 5 (first replicate) or 10 (second replicate) most intense ions in the full scan (Top10) in the LTQ using the following parameters. AGC target value: 5,000. Ion selection thresholds: 1000 counts (first replicate) or 100 (second replicate) and a maximum fill time of 100 ms. Wide-band activation was enabled with an activation q = 0.25 applied for 30 ms at a normalized collision energy of 35%. Singly charged and ions with unassigned charge state were excluded from MS/ MS. Dynamic exclusion was applied to reject ions from repeated MS/MS selection for 45 s. All MS/MS scans were recorded with multistage activation enabled with a neutral loss mass list of m/z 195.95, m/z 97.97, m/z 48.99 and m/z 32.66.
All recorded LC-MS/MS raw files (359) were processed together in MaxQuant 26 version 1.2.2.5 with default parameters using the March 2012 UniProt database, which contains 81,470 protein sequences. For databases searching parameters were mass accuracy thresholds of 0.5 (MS/MS) and 6 ppm (precursor), maximum two missed cleavages, carbamidomethylation (C) as fixed modification and deamidation (NQ), oxidation (M), phosphorylation(STY) and protein N-terminal acetylation as variable modifications. MaxQuant was used to filter the identifications for a false discovery rate below 1% for peptides, sites and proteins using forward-decoy searching. Match between runs were enabled with a retention time window of 2 min.
Data analysis and bioinformatics
For fuzzy c-means clustering quantification ratios for sites with above 2-fold dynamics in at least one time point were Log2 transformed and z-scored by subtracting the mean and dividing with the standard deviation, clustered and plotted using GProX 1.1.8 72 with a fuzzification parameter of 2 and 100 algorithm iterations. To test for enriched Gene Ontologies within the sites found in each cluster GO biological process terms were retrieved from UniProt for all proteins using GProX and Fisher exact test was used to test for over-representation at α = 0.05 after Benjamini and Hochberg correction, requiring at least 3 observations in the test cluster. For motif analysis sequence windows of ±6 amino acids of all class 1 sites were submitted to Motif-X 40 requested a maximum P value of 0.000001 and at least 150 occurrences.
Kinase predictions were extracted and filtered using default settings with PhosphoSiteAnalyzer 73 and phosphorylation motifs were scored as regulated if the average was different from zero at α 0.05. To analyze homology of detected kinases, the kinase domain(s) of these were aligned using ClustalW2 74 and visualized using iTOL. 75 
Calculation of the time-lagged correlation coefficients and measurement of the inferred interaction networks
In the data used for network interface, each phosphosites x i has 5 time points of fold changes data with the experimental conditions of after starvation and rampacyin treatments, which can be represented as [x i (t 11 ), x i (t 12 ), x i (t 13 ), x i (t 14 ), x i (t 15 ), x i (t 21 ), x i (t 22 ), x i (t 23 ), x i (t 24 ), x i (t 25 )]. We calculated the time-lagged correlation coefficients based on the Pearson correlation coefficients between two phosphosites x i and x j with one time-interval lag:
where X = [x i (t 11 ), x i (t 12 ), x i (t 13 ), x i (t 14 ), x i (t 21 ), x i (t 22 ), x i (t 23 ), x i (t 24 )] and Y = [x j (t 12 ), x j (t 13 ), x j (t 14 ), x j (t 15 ), x j (t 22 ), x j (t 23 ), x j (t 24 ), x j (t 25 )].
To assess the performance of the inferred interaction networks, we calculated the precision-recall curves of the inferred networks by comparing the inferred networks to the corresponding protein-protein interactions present in STRING database (v9.0, active prediction methods of experiments plus databases with confidence scores > 0.7). Precision is the fraction of predicted interactions that are shown in STRING database [TP/(TP + FP)], and recall is the fraction of all known interactions that are predicted by the inferred network [TP/(TP + FN)], where TP is the number of true positives, FP is the number of false positives, and FN is the number of false negatives. Precision and recall were estimated over a range of thresholds. Interactions with ranking scores below the optimal threshold were removed from the final inferred network. To increase the precision of the prediction, we used a prior knowledge that translation proteins downstream of MTOR cannot directly regulate other phosphosites of upstream proteins. We used a P value formula introduced by Husmeier 76 to evaluate the significance of the predicted regulatory interaction network:
where n is the number of predicted interactions (TP+FP), p is the probability of obtaining a true link by random selection.
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